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ABSTRACT Patterns of covariation result from the over-
lapping effect of several developmental processes. By 
perturbing certain specific developmental processes, ex-
perimental studies contribute to a better understanding of 
their particular effects on the generation of phenotype. The 
aim of this work was to analyze the interactions among 
morphological traits of the skull and the brain during late 
prenatal life (18.5 days postconception) in mice exposed to 
maternal protein undernutrition. Images from the skull and 
brain were obtained through micro-computed tomography 
and 3D landmark coordinates were digitized in order to 
quantify shape and size of both structures with geometric 
morphometric techniques. The results highlight a systemic 
effect of protein restriction on the size of the skull and the 
brain, which were both significantly reduced in the under-
nourished group compared to control group. Skull shape 
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is partially explained by brain size, and patterns of shape 
variation were only partially coincident with previous re-
ports for other ontogenetic stages, suggesting that allomet-
ric trajectories across pre- and postnatal ages change their 
directions. Within the skull, neurocranial and facial shape 
traits covaried strongly, while subtle covariation was found 
between the shape of the skull and the brain. These find-
ings are in line with former studies in mutant mice and 
reveal the importance of carrying out analyses of pheno-
typic variation in a broad range of developmental stages. 
The present study contributes to the basic understanding 
of epigenetic relations among growing tissues and has di-
rect implications for the field of paleoanthropology, where 
inferences about brain morphology are usually derived 
from skull remains. Rev Arg Antrop Biol 18(1), 2016. 
doi:10.17139/raab.2016.0018.01.05
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ReSUMeN Los patrones de covariación entre rasgos fenotí-
picos resultan de la acción de diversos procesos que se sola-
pan durante el desarrollo. Los estudios experimentales cons-
tituyen la aproximación más adecuada para evaluar el efecto 
de procesos específicos en la generación de tales patrones. 
El objetivo de este trabajo es analizar las interacciones entre 
rasgos morfológicos craneofaciales y cerebrales durante la 
vida prenatal tardía (18,5 días posconcepción) en ratones ex-
puestos a desnutrición proteica materna. Se obtuvieron imá-
genes del cráneo y cerebro a partir de microtomografía com-
putada y se digitalizaron landmarks en 3D para cuantificar 
la forma y tamaño con técnicas de morfometría geométrica. 
Los resultados subrayan un efecto sistémico de la restricción 
proteica en el tamaño del cráneo y el cerebro. La forma del 
cráneo es parcialmente explicable por el tamaño cerebral y 
los patrones de variación en forma fueron sólo en parte coin-
cidentes con los reportados antes para otras edades, lo cual 
sugiere que las trayectorias alométricas a lo largo de la vida 
pre- y posnatal cambian su dirección. Los rasgos de forma 
del neurocráneo y el esqueleto facial covariaron fuertemen-
te, aunque se encontró una asociación débil entre la forma 
del cráneo y del cerebro. Estos resultados concuerdan con 
estudios previos en ratones mutantes y revelan la relevancia 
de analizar la variación fenotípica en distintas etapas. El pre-
sente estudio contribuye al conocimiento básico de las inte-
racciones epigenéticas entre tejidos en crecimiento y tiene 
implicancias en el campo paleoantropológico en el que las 
inferencias acerca de la morfología cerebral son usualmen-
te derivadas del análisis del cráneo. Rev Arg Antrop Biol 
18(1), 2016. doi:10.17139/raab.2016.0018.01.05
The mammalian skull comprises several 
heterogeneous osseous structures that dynami-
cally interact with one another as well as with 
the surrounding organs and tissues. The neu-
rocranium, which can be further divided into 
vault and basicranium, and the face have been 
widely recognized to form the main modules 
of the skull,on the basis of their developmen-
tal and functional differences (Cheverud, 1982, 
2007; Enlow and Hans, 1998; Sperber, 2001). 
Despite these dissimilarities, several growth 
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factors and genes with pleiotropic effects on 
neurocranial and facial morphogenesis (Helms 
et al., 2005; Tapiada et al., 2005), as well as the 
epigenetic interactions between both regions, 
contribute to keeping the skull structurally and 
functionally coherent (Richtsmeier et al., 2006; 
Hallgrímsson et al., 2007; Mitteroecker and 
Bookstein, 2008). By epigenetic interactions we 
refer here to the wide-ranging set of develop-
mental mechanisms, such as physical interac-
tions, that take place in particular spatiotem-
poral contexts where cells, tissues and organs 
develop and function (Hallgrímsson and Hall, 
2011). As a phenotypic result of such develop-
mental dynamics, covariation between neuro-
cranial and facial traits has been consistently 
found in different mammals, including primates 
(Bookstein et al., 2003; Martínez-Abadías et al., 
2011; Singh et al., 2012), although the relative 
independence of skull modules seems to be vari-
able among species (Polanski and Franciscus, 
2006; Marroig et al., 2009).
Among the processes that generate covaria-
tion of morphological traits in the skull, brain 
growth has been largely considered one of the 
most influential throughout early to postnatal 
ontogeny (Moss and Young, 1960; Opperman, 
2000; Richtsmeier et al., 2006; Richtsmeier 
and Flaherty, 2013). The developmental link 
between skull and brain becomes evident from 
medical disorders that affect the morphogenesis 
of both structures jointly (Cohen et al., 1992; 
Aldridge et al., 2002, 2005a, b, 2007). Some 
examples include anencephaly, in which brain 
absence relates to abnormal formation of vault 
bones (Dambska et al., 2003; Davies and Duran, 
2003; Frey and Hauser, 2003), and hydroceph-
aly, characterized by an excessive accumulation 
of cerebrospinal fluid that increases neurocra-
nial size (Morimoto et al., 2003). Recent studies 
have described epigenetic mechanisms, includ-
ing physical interactions and molecular signal-
ing of embryonic brain tissues on craniofacial 
structures, that account for the early and close 
relation between the brain and facial promi-
nences (Boughner et al., 2008; Marcucio et al., 
2011; Richtsmeier and Flaherty, 2013). From 
an evolutionary perspective, this is relevant 
because some aspects of the human skull, such 
as the unusually flexed basicranium and the 
orthograde face, have been interpreted as a re-
sponse to structural demands of the expanding 
brain (Lieberman et al., 2008).
In recent years, much interest has been 
devoted to the similarity in patterns of mor-
phological covariation across species and on-
togenetic stages within species (e.g. Acker-
mann and Cheverud, 2000; Ackermann, 2005; 
Mitteroecker and Bookstein, 2009; Willmore et 
al., 2009), as well as to the developmental proc-
esses that produce them. Because the observed 
patterns result from the overlapping effect of 
several processes along ontogeny, the devel-
opmental determinants of covariation can only 
be explored by means of experimental designs 
that introduce variation by perturbing specific 
processes (Hallgrímsson et al., 2009). For the 
case of the mammalian skull, mice represent the 
most widely studied model. So far, the work on 
this topic has focused on the effect of genetic 
mutations related to noticeable dysmorpholo-
gies, such as craniosynostosis and altered brain 
growth(Aldridge et al., 2005a, b, 2010), and on 
the analysis of very early prenatal (Boughner et 
al., 2008; Marcucio et al., 2011) and postnatal 
stages (Hill et al., 2013). 
Here, we assess the morphological associa-
tion between cranial structures and the brain dur-
ing late prenatal life by altering somatic growth, 
a key developmental process that generates co-
variation among traits. In order to achieve this 
goal, mouse embryos were exposed to mater-
nal undernutrition, an environmentally induced 
perturbation with well documented effects on 
cranial growth (Pucciarelli and Goya, 1983; 
Pucciarelli and Oyhenart, 1987; Pucciarelli, 
1991; Oyhenart et al., 1994; Cesani et al., 2006; 
Gonzalez et al., 2011a). Particularly, we analyze 
brain and skull phenotypes in mouse fetuses at 
E18.5 from an experimental model of maternal 
undernutrition to assess: a) the association be-
tween skull shape and brain size; b) coordinated 
shape variation between the skull and the brain 
as well as the allometric effect on their covaria-
tion; and c) coordinated shape changes between 
the neurocranium and the face, and the allom-
etric effect on their covariation. This prenatal 
stage was chosen because it constitutes a tem-
poral point at which the specimens are relatively 
advanced in their ossification, but masticatory 
dynamics and other functional factors have not 
yet exerted their influence, and thus, their effect 
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on the pattern of association among craniofacial 
traits can be ruled out. 
MATERIAL AND METHODS
Sample and data acquisition
C57BL/6J male and female 4-wk-old mice 
were purchased from The Jackson Laboratory 
(Bar Harbor, ME) and maintained on a 12-h 
light/12-h dark cycle for 4 weeks. During this pe-
riod they were fed on a control diet (20% protein 
TD91352, Harlan Teklad, Madison). Then, non-
sibling females were randomly divided into two 
groups, Control (CG) and Low Protein (LPG), 
which received isocaloric diets (3.8 Kcal/g) that 
differed in the amount of protein, 20% and 6% 
(TD90016, Harlan Teklad, Madison), respec-
tively. After two weeks of receiving these diets, 
breeders were placed together overnight until 
vaginal plugs were detected. Pregnant females 
were maintained with the assigned diet (6% or 
20% protein) until 18.5 days postconception 
(E18.5). At that point pregnant females were 
sacrificed and the concept uses were removed. 
The samples were composed as follows: Con-
trol Group (CG), composed of 40 fetuses from 
9 litters whose mothers received 20% protein 
diet throughout pregnancy; Low Protein Group 
(LPG), composed of 31 fetuses from 6 litters 
whose mothers received the 6% protein diet. All 
animal procedures were reviewed and approved 
by the University of Calgary Health Sciences 
Animal Care Committee and experiments were 
conducted in compliance with this approval. 
Animals were cared for as per the guidelines of 
the Canada Council on Animal Care.
The skulls of fetuses from both control and 
restricted protein groups were fixed overnight in 
4% phosphate-buffered formaldehyde and then 
imaged using a micro-CT scanner (µCT 35, 
Scanco Medical AG, Brüttisellen, Switzerland). 
The specimens were scanned using the same 
parameters: isotropic voxel size of 0.012mm, 
45kVp, 177μA, 800000 ms integration time and 
500 projections per 180 degrees. The 2D images 
of the skull were rendered into 3D isosurfaces 
in Amira 5.2.2 (Visualization Science Group) 
using a threshold of 3500 Hounsfield units. A 
subsample of specimens was treated with iodine 
2% in order to stain the soft tissues (Metscher, 
2009). Briefly, 0.5g of iodine and 1.5g of po-
tassium iodide were mixed in 98mL of water; 
heads were immersed in the iodine solution and 
kept at 4C overnight. Then, the samples were 
rinsed in PBS to remove the excess of contrast 
agent and scanned using the same parameters as 
for the skull. This simple contrast staining tech-
nique is a valid alternative to the magnetic reso-
nance images commonly applied to the study of 
the brain in lab animals, at least for the descrip-
tion of its external morphology.
Shape and size were quantified by means of 
3D landmark coordinates of the skull and brain 
obtained from micro-computed tomography 
images (micro-CT) and analyzed with geomet-
ric morphometric techniques. Micro-CT tech-
niques are key in experimental research based 
on murine models because many morphologi-
cal aspects are not easily observable with other 
2D tools, such as photography or radiography. 
This is especially important for the examination 
of prenatal specimens, as those analyzed here, 
which requires high levels of resolution and the 
use of precise protocols to gain access to bone 
and soft structures (Nieman et al., 2012). From 
the 3D reconstruction of each mouse cranium, 
21 landmarks were digitized on the skull and a 
set of 11 landmarks was digitized on the micro-
CT scans of the brain (Table 1, Fig. 1). Only the 
right side of both configurations, brain and skull, 
were digitized. The cranial landmarks were cho-
sen to describe the face, base and vault, previ-
ous studies on neonatal mice (Boughner et al., 
2008; Martinez-Abadías et al., 2011). However, 
because of the low degree of ossification of pa-
rietal, temporal and occipital bones at the pre-
natal stage studied here, some of the proposed 
landmarks were not observable. Brain land-
marks were chosen to describe main variation in 
overall brain proportions, as well as the relative 
size of the olfactory bulb and the cerebellum. In 
general, the relation between sample sizes and 
number of landmarks is comparable with other 
experimental studies on the topic that are dis-
cussed herein. 
Statistical analyses
Centroid size (CS) of the skull and the brain 
was estimated as the square root of the summed 
squared distances from all landmarks to the cen-
4Landmark Definition Region
1 Most superior anterior point of the premaxilla Face
2 Most posterior lateral point of the nasal bone Face
3 Most superior posterior point of the premaxilla Face
4 Intersection of frontal process of maxilla with frontal and lacrimal bones Neurocranium
5 Most anterior lateral point of the frontal bone, taken close to the frontal process of 
maxilla
Neurocranium
6 Most lateral intersection of the frontal, parietal and squamous  bones, taken on the 
frontal,  left side
Neurocranium
7 Most lateral intersection of the frontal and parietal bones, taken on the frontal Neurocranium
8 Most lateral intersection of the frontal and parietal bones, taken on the parietal Neurocranium
9 Intersection of zygoma process of maxilla, taken on maxilla Face
10 Intersection of zygoma process of maxilla, taken on zygoma Face
11 Intersection of zygoma with zygomatic process of temporal, taken on zygoma Face
12 Most anterior point on the anterior extension of the forming squamosal Neurocranium
13 Most posterior point on the posterior extension of the forming squamosal Neurocranium
14 Most anterior point of the anterior palatine foramen Face
15 Most inferior-lateral point of the premaxillary-maxillary suture, taken on premaxilla Face
16 Most anterior point of the posterior palatine foramen Face
17 Posterior-medial point of the inferior portion of the left side of the aliesphenoid Neurocranium
18 Most anterior-lateral point corner of the basioccipital Neurocranium
19 Most posterior-lateral point corner of the basioccipital Neurocranium
20 Point on the most medial point of the lateral occipital, in the hypoglossal canal Neurocranium
21 Superior posterior point on the ectocranial surface of occipital lateralis on the foramen 
magnum
Neurocranium
1 Most posterior point in the intersection of cerebellar hemispheres, in the axial plane Brain
2 Most posterior point in the intersection of olfactory lobes, in the axial plane Brain
3 Most anterior point in the intersection of olfactory lobes, in the axial plane Brain
4 Anterior-lateral point in the cerebral cortex in the intersection with olfactory lobes, in 
the axial plane
Brain
5 Most posterior point of the cerebral cortex in the intersection with cerebellum, in the 
axial plane
Brain
6 Inferior intersection of the midbrain and the pons Brain
7 Most anterior point  of olfactory lobe Brain
8 Most anterior point of cerebral cortex in the intersection with  olfactory lobe Brain
9 Deepest point in the fold of the cerebral cortex Brain
10 Deepest point in the dorsal sulcus of cerebellum Brain
11 Deepest point in the ventral sulcus of cerebellum Brain
 
TABlA 1. list of 3d landmarks digitized on the skull and the brain
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5Fig. 1. Landmark coordinates of the skull (A) and the brain (B). In (B) landmarks were digitized in parasagittal and axial sections 
as indicated with white lines.
troid of each configuration (Bookstein, 1997). 
Estimated measures of size were compared 
across treatments by means of a mixed model 
ANOVA, using treatment as a fixed effect and 
dam as a random effect.
Landmarks were superimposed by means of 
Generalized Procrustes Superimposition (GPS) 
in order to obtain shape coordinates. Through 
this procedure landmark coordinates were trans-
lated, rotated and scaled using a least-squares 
superimposition until they were optimally 
aligned (Rohlf and Slice, 1990). To analyze the 
association between skull shape and brain size 
a multivariate regression of Procrustes coordi-
nates of the skull on log-transformed CS of the 
brain (log CS Brain) was performed (Monteiro, 
1999). The regression model accounts for an 
amount of variation that is measured as a per-
centage of total shape variation (Klingenberg 
and McIntyre, 1998). Statistical significance of 
the regressions was assessed through permuta-
tion tests against the null hypothesis of inde-
pendence. Visual resources were used to de-
pict the patterns of size-related shape changes 
in the skull. 3D morphings of the whole skull 
were obtained using the thin-spline procedure 
implemented by Landmark software (Wiley et 
al., 2005).
Coordinated shape variation between sets 
of landmarks representing different anatomical 
structures was assessed using two-block Partial 
Least Squares (PLS) analysis. GPS was per-
formed separately for each block of landmarks 
in PLS analyses. PLS is based on singular value 
decomposition of the covariance matrix and re-
sults in new pairs of axes that account for maxi-
mum covariation between these previously de-
fined blocks (Rohlf and Corti, 2000; Bookstein 
et al., 2003). To quantify the strength of covaria-
tion between parts, we used the RV coefficient, 
which quantifies the total covariation as the sum 
of all squared covariances between blocks (Klin-
genberg, 2009), and also the correlation coeffi-
cient among PLS scores (Rohlf and Corti, 2000). 
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whole skull and the brain, as well as for the neu-
rocranium and the face. In the first case, as in 
all analyses that involved the brain, only those 
specimens belonging to the brain-stained sub-
sample were used (n=18), whereas in the latter 
all the specimens were included (n=71). Patterns 
of shape covariation in the skull were depicted 
by 3D morphings obtained in Landmark soft-
ware, while changes in the brain were visualized 
by means of wireframes (Klingenberg, 2013).
In order to account for the allometric effect 
on covariation, PLS analyses were repeated us-
ing the residuals of the multivariate regression 
of Procrustes coordinates on the CS of each 
region. These new analyses were based on the 
shape variation that was not predicted by the 
regression model and, therefore, represented co-
variation between regions once size effect has 
been controlled (Monteiro, 1999; Klingenberg, 
2009; Martínez-Abadías et al., 2011).
RESULTS
According to our results, mean skull CS 
was 4.96% lower in LPG than in CG (F=4.943, 
p<0.0001) (Fig. 2). In both skull modules CS was 
larger in CG; in the neurocranium the difference 
reached 5.07% (F=8.926, p<0.0001), while in 
the face it was 4.88% (F=7.613, p<0.0001). The 
same trend was found for the brain CS, where a 
difference of 4.94% was found between groups 
(F=6.582, p=0.021) (Fig. 2). This similarity is in 
line with the finding of a significant correlation 
between skull and brain CS using Pearson cor-
relation coefficient (0.732, p<0.001).
Multivariate regression analysis computed 
with Procrustes coordinates of the whole skull 
on brain log-transformed CS showed that brain 
size variation explained 10.69% (p=0.047) of 
shape variation in the skull. A subtle separation 
was found in the distribution between CG and 
LPG (Fig. 3). At the positive extreme (bigger 
brains), skull configurations are narrower in the 
facial segment and in the vault, while the basi-
occipital bone is wider (Fig. 3). The specimens 
at this extreme are also characterized by flexed 
skulls and projected faces, as is shown in the lat-
eral view (Fig. 3). 
Shape covariation between the brain and 
the whole skull was assessed through PLS us-
ing Procrustes coordinates of the brain and the 
skull. The first pair of PLS (PLS1) explains 
49.33% of the total covariance. Although the re-
lation explained by the PLS1 was not significant 
(and no other PLS resulted significant), some 
tendencies in coordinated variation among the 
two blocks can be described. For PLS1, nega-
tive scores were mainly occupied by the CG 
specimens (Fig. 4), and skulls were narrower; 
Fig. 2. Mean centroid size (MeanCS) of the skull and the brain. Error bars show standard deviations.
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7the neurocranium was flexed in the base co-
varying with vertically shorter brains (Fig. 4). 
At the positive extreme of the distribution, the 
skull was wider and the anterior face was in line 
with the anterior-posterior axis of the skull. This 
skull configuration covaried with taller brains 
(Fig. 4). PLS analysis between the brain and the 
skull was carried out after adjusting size varia-
tion, and the PLS1 explained 36.44% of covaria-
tion, although the overall strength of association 
between blocks was low (RV coefficient=0.340, 
p=0.5235).
Finally, two-block PLS analysis between the 
neurocranium and the face indicated that these 
regions covaried strongly. The first PLS axis 
accounts for 60.29% of the total squared cov-
ariance. Although distribution of CG and LPG 
specimens along the first pair of PLS axis is 
Fig. 3. Multivariate regression of skull Procrustes coordinates on log CS Brain. Morphings represent the shape 
changes for extreme negative and positive scores. 
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negative scores, while CG are placed at positive 
scores (Fig. 5). At the negative scores (LPG), 
short and wide faces covary with a particular 
configuration in the neurocranium: parietal and 
occipital regions are wide, while frontal bones 
tend to converge towards the sagittal line. At 
the positive extreme (CG), antero-posteriorly 
long and narrow faces covary with narrow pa-
rietal and occipital bones, while frontal bones 
(especially in the most anterior segment) open 
laterally and widen. From a lateral view it 
can be noticed that taller faces were linked to 
a taller neurocranium for the positive scores, 
while the opposite configurations were found 
among specimens that occupied negative scores 
(Fig. 5). Neurocranium CS explained 13.28% 
(p<0.0001) of its shape variation, while face 
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Fig. 4. PLS1 of the skull vs. the brain and visualizations of coordinated shape changes.
9CS accounted for 16.18% (p<0.0001) of shape 
variation. When PLS between the neurocranium 
and the face was carried out using the residuals 
of these multivariate regressions of Procrustes 
coordinates on CS, the covariation explained by 
PLS1 decreased only slightly (PLS1=54.013%, 
RV coefficient=0.323, p<0.0001).
DISCUSSION
Our results indicate that chronic protein re-
striction during gestation significantly reduces 
brain and cranial growth by the end of the fe-
tal period. They also show that size changes in 
both structures are strongly associated. Because 
the environmental perturbation studied here has 
a systemic effect on organism growth, the as-
sociation between brain and skull might result 
from correlated responses to nutrient restriction 
rather than from the direct influence of one on 
the other. It has been proposed that generalized 
changes in size usually affect different parts of an 
organism jointly and therefore produce a global 
increase in covariation among traits (Chernoff 
and Magwene, 1999; Klingenberg, 2009; 
Gkantidis and Halazonetis, 2011). However, 
studies in rodents and other model organisms 
show that plasticity of individual organs can be 
distinct, displaying partly independent respons-
es to the same environmental factors that regu-
late size (Shingleton et al., 2009; Gonzalez et al., 
2011a). Evidence of semi-autonomous changes 
in the brain and skull is also provided by mutant 
mice. Models for Apert syndrome, for example, 
show that both structures display a relative dis-
sociation in their size at early postnatal stages, 
which is interpreted in terms of stronger effects 
of the mutation on the skull than on the brain 
Fig. 5. PLS1 of the neurocranium vs. the face and visualizations of coordinated shape changes.
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(Hill et al., 2013). According to our results, the 
environmental perturbation induced here has a 
similar effect on prenatally growing brain and 
skull size, showing the generalized effect of ma-
ternal malnutrition on these tissues.
Brain size was also significantly associated 
with skull shape, accounting for 10.69% of this 
variation. Although this proportion is relatively 
low, it is comparable to earlier estimates from 
intraspecific analyses of static allometry of dif-
ferent species, such as humans and dogs, in 
the context of geometric morphometric studies 
(Drake and Klingenberg, 2008; Gonzalez et al., 
2011b). The pattern of changes associated with 
larger brains was characterized by a relatively 
wider cranial base, longer antero-posterior axis, 
and flexed cranial bases compared to specimens 
with smaller brains (Fig. 5). In an experimen-
tal study on adult mutant rodents with megen-
cephalic phenotypes, Lieberman et al. (2008) 
found that an increase in brain size is related to 
particular skull shape changes, such as antero-
posteriorly longer and vertically taller neurocra-
nium, as well as to a more flexed base. Although 
these patterns seem to be congruent with our 
findings, there are others that reported different 
interactions between brain size and craniofa-
cial morphology in mice and other mammalian 
species. While we foundthat by E18.5 mouse 
faces tend to be projected and relatively larger 
in configurations with larger brains, for very 
early prenatal stages Boughner and collabora-
tors (2008) showed that more prognathic faces 
are characteristic of shorter developing brains 
in mice. As another example, in a study on hu-
man adult skulls Martínez-Abadías et al. (2012) 
described wider vaults and shorter vertically 
oriented faces corresponding to larger brains, 
while contrasting trends were found here for 
these traits (Fig. 5). Although that work on hu-
mans is framed in a quantitative genetics ap-
proach and, consequently, direct comparisons 
may not be valid, it provides some basis for the 
discussion of our results with findings on human 
morphology in another developmental stage. 
The discrepancies between some shape changes 
observed here and the tendencies showed in pre-
vious studies could stem from differences in the 
developmental stages analyzed. Several works 
have documented that morphogenesis of mam-
malian skull is characterized by changes in the 
direction of allometric trajectories across pre- 
and postnatal ages, and by the nonlinearity of 
shape changes (Zelditch, 2003; Gonzalez et al., 
2011b). Patterns of covariation among morpho-
logical traits are restructured during ontogeny, 
as different developmental processes influence 
them. Therefore, differences in the structure of 
association among traits between successive age 
stages are the result of the superimposition of 
novel covariance patterns. Analyses of age-spe-
cific morphological variation and covariation, 
and comparisons with other stages are essential 
to infer the ontogenetic timing and the pheno-
typic effects of developmental processes such 
as brain growth (Mitteroecker and Bookstein, 
2009).
Contrary to the pattern observed for size 
variables, a relatively weak association be-
tween brain and skull shape was found, as is 
shown by the PLS analysis performed on Pro-
crustes shape coordinates. Along the first axis 
of covariation, a narrower and flexed neuroc-
ranium is associated with a vertically shorter 
brain. After studying a model for craniosynos-
tosis, Aldridge et al. (2010) concluded that the 
processes underlying alterations of the vault 
are relatively independent from those caus-
ing brain dysmorphologies. Hill et al. (2013) 
also found a non-significant correlation be-
tween brain and skull morphology in mice at 
the time of birth, which is an ontogenetic stage 
very close to the late prenatal day analyzed in 
our study. However, they noted that this trend 
is altered in the immediately following days 
and two days after birth, when skull and brain 
morphology correlate significantly. Similarly, a 
tight fit of the brain and skull size and shape 
was documented in adult mice carrying muta-
tions that affect brain development (Nieman et 
al., 2012). This further reveals the occurrence 
of significant changes in the patterns of mor-
phological covariation during the early stages 
of skull development.
When covariation between the shape of 
the neurocranium and the face was examined, 
we found shape changes that resemble those 
described for the regression of skull shape 
on brain size analysis. Wider and vertically 
shorter facial skeletons were associated to pos-
teriorly wider vaults, while antero-posteriorly 
longer and vertically taller faces correspond to 
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a longer neurocranium (Fig. 4). However, there 
are some relevant shape changes, for instance, 
basicranial flexion, that were not observed in 
the PLS analysis for the neurocranium and 
the face. Previous studies have described that 
the flexion of the base is particularly related 
to brain expansion in size (Hallgrímsson and 
Lieberman, 2008). This is in line with our re-
sults, since changes in base flexion were found 
only when the brain was considered in the 
analysis. Coordinated variation between the 
neurocranium and the face is restricted to rela-
tive length, height, and width changes of both 
structures, but base flexion seems to be inde-
pendent of their association.
In conclusion, our results indicate that al-
terations in fetal growth produce coordinated 
changes of skull shape and size with brain size, 
while brain shape variation is not tightly as-
sociated with skull shape. These findings are 
in agreement with previous studies in mutant 
mice and reinforce the relevance of perform-
ing more complete analyses of phenotypic 
variability in response to genetic and environ-
mental factors in a broader range of develop-
mental stages. Regarding this point, possible 
differential responses to dietary perturbations 
in different mouse strains have not been deeply 
analyzed. Although some studies have found 
variations in certain physiological parameters 
when mouse lines were compared (e.g. Radiloff 
et al., 2008; La Merrill et al., 2010), morpho-
logical phenotypes, as analyzed in this study, 
are expected to behave differently. Develop-
mental processes intervening in morphological 
differentiation are limited in number and tend 
to be more conservative (Hallgrímsson and 
Lieberman, 2008). In support of this expecta-
tion, patterns of craniofacial morphological 
variation similar to those found here were ob-
served in rats under comparable treatments of 
maternal malnutrition (Gonzalez et al., 2011c; 
Martínez-Abadías et al., 2012). Consequently, 
although more work is necessary, it is plausible 
that our results can be extrapolated at least to 
other murine models.
In addition to its significance for a deeper un-
derstanding of epigenetic interactions between 
growing tissues, the relationship between the 
brain and the skull is of interest for anthropologi-
cal and evolutionary studies. In this context, in-
ferences about brain evolution are based on evi-
dence of skull shape, which is more commonly 
preserved in the fossil record, and, therefore, 
they rely on the assumption that endocranial re-
constructions are a good proxy for brain features 
(Bruner, 2004; Neubauer et al., 2010; Gunz et al., 
2012). Experimental designs with animal mod-
els, as the one performed here, can contribute 
to evaluating under which circumstances and to 
what extent these assumptions are valid.
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